In most organisms, primordial germ cells are set aside from the cells of the body early in development. To form an embryonic gonad, germ cells often have to migrate along complex routes through and along diverse tissues until they reach the somatic part of the gonad. Recent advances have been made in the genetic analysis of these early stages of germ line development. Here we review ®ndings from Drosophila, zebra®sh, and mouse; each organism provides unique insight into the mechanisms that determine germ cell fate and the cues that may guide their migration. q
Introduction
Cell movement is mediated by long-and short-range signals from surrounding cells and the extracellular matrix, as well as through intrinsic mechanisms that coordinate cytoskeletal changes and adhesive properties of moving cells. How exactly cells recognize cues in vivo from their environment and translate them into directed movement is not well understood. Primordial germ cells provide an excellent model system for studying cell migration because these cells arise early in development, are morphologically distinct from somatic cells, and in most organisms, actively move from their extraembryonic place of origin to meet with somatic gonadal support cells (Dixon, 1994) . This, along with the fact that germ cells are critical for the perpetuation of a species, makes them interesting and important to study.
Various animal model systems have been used to study the genetics of germ cell migration, each with their own advantages. Early work in the mouse using the spontaneous mutations dominant white spotting and Steel identi®ed these genes as necessary for germ cell migration, proliferation, and survival; these and other factors have been characterized further in vitro (see below; Dolci et al., 1991; Godin et al., 1991; Keshet et al., 1991; Matsui et al., 1991; Motro et al., 1991 , Orr-Urtreger et al., 1990 . Currently, targeted deletions in the mouse are revealing the roles of various molecules in inducing germ cell fate and the subsequent migration of these cells. The recent cloning of germ cellspeci®c genes in zebra®sh has allowed analysis of the migration process in vivo in the transparent zebra®sh embryo (Braat et al., 1999; Knaut et al., 2000; Yoon et al., 1997) . Finally, through directed genetic screening, work in Drosophila melanogaster has uncovered novel mechanisms that control germ cell speci®cation and movement, and has expanded our ideas about the kinds of molecules that can in¯uence these processes (see below). In this review, we will concentrate on recent ®ndings in these three systems (for a review of germ cell development in other organisms, see Saffman and Lasko, 1999; Seydoux and Strome, 1999; Wylie, 1999) .
Speci®cation of primordial germ cells
Germ cells are different from the cells that compose the body in that they can give rise to a new generation. This immortality raises the question of how and when germ cells are set aside from the somatic cells and how they are maintained during development until differentiation into sperm and egg. In many species, including Drosophila, zebra®sh, and C. elegans, germ cells form in a specialized, maternally synthesized cytoplasm, which is thought to contain germ cell determinants. In contrast, inductive events play an essential role for germ cell speci®cation in mammals.
Speci®cation of primordial germ cells in Drosophila
Germ cells, also called`pole cells' in Drosophila, are formed at the posterior pole of the embryo; their nuclei are the ®rst to cellularize during blastoderm formation. About 10 nuclei become surrounded by membranes at this time ± approximately 1.5 h after egg laying ± and these cells undergo up to two divisions to give rise to about 40 pole cells (Sonnenblick, 1950) . Pole cells form in a specialized cytoplasm, the germ plasm, which contains large ribosomerich structures called polar granules. Transplantation of germ plasm to the anterior of the embryo can give rise to functional germ cells, suggesting that factors in the germ plasm are suf®cient to specify the germ cells in a cell-autonomous manner (Fig. 1A , Illmensee and Mahowald, 1974) .
A number of genes are required for germ plasm assembly (Fig. 1B) . These components are synthesized maternally and deposited into the egg, thus, female¯ies homozygous mutant for any of these genes produce progeny that lack germ cells. Recruitment and posterior localization of the germ plasm components is closely linked to the establishment of anterior±posterior polarity, since abdominal formation is dependent on the proper formation of the germ plasm. The oskar gene plays a special role in germ plasm formation as the site of oskar RNA localization and translation determines where germ plasm will assemble. The oskar gene is suf®cient to localize downstream factors and the amount of oskar RNA and protein localized to the posterior determines the number of germ cells formed (Ephrussi and Lehmann, 1992; Kobayashi et al., 1995; Smith et al., 1992) . Most of the 20 or so genes known to affect germ plasm assembly are involved in either the localization or translation of oskar (for review, see Saffman and Lasko, 1999) . Several genes act downstream or together with OSKAR to make germ plasm. VASA, an ATP-dependent RNA helicase, has a role in oskar translation, localizes with oskar to the polar granules, and has been shown to mark germ cells in many organisms, including humans (Breitwieser et al., 1996; Castrillon et al., 2000; Hay et al., 1988; Lasko and Ashburner, 1988; Tanaka et al., 2000; Tsunekawa et al., 2000; Yoon et al., 1997) . TUDOR protein localizes to the polar granules and the mitochondria. It has been suggested that TUDOR is involved in exporting mitochondrial ribosomal RNAs to the cytoplasm and that mitochondrial factors are necessary in the cytoplasm for germ cell formation (Bardsley et al., 1993; Kashikawa et al., 1999; Kobayashi, personal communication) .
A few germ plasm components have been identi®ed that affect germ cell formation and determination without affecting embryonic patterning or the morphological specialization of the germ plasm. These genes include the mitochondrial 16S large rRNA (mtlr RNA) and the nuclear pore component germ cell-less (gcl, Iida and Kobayashi, 1998; Jongens et al., 1992 Jongens et al., , 1994 reviewed in Williamson and Lehmann, 1996) . The polar granule component (pgc) gene encodes a non-translated RNA and is also localized to the posterior. This gene is not required for germ cell formation but plays a role in the later aspects of germ cell development (Nakamura et al., 1996) .
The nanos gene is required early at the posterior pole for proper abdomen development but not for germ cell formation. The abdominal patterning defects observed in germ plasm component mutants are due to the lack of localization and translation of nanos. However, like pcg, nanos also has a later role in germ cell identity and migration (see below; Asaoka et al., 1998; Forbes and Lehmann, 1998; Kobayashi et al., 1996) . Finding additional players in germ cell formation will require the use of genetic analysis aside from sterility tests, including directly assaying this process in the embryo.
As soon as germ cells form in Drosophila, they differ in their transcriptional activity from the surrounding somatic cells. Transcription in the soma starts as early as 1 h after egg laying (AEL), while general mRNA synthesis is not detected in the germ cells until stage eight, just before their migratory phase begins (3.5 h AEL, Zalokar, 1976) . This repression of transcription is independent of the surrounding somatic tissue and mislocalization of germ plasm is suf®cient to repress transcription in other parts of the embryo . In C. elegans, germ line transcription is initially repressed via Pie-1-mediated repression of RNA polymerase II activity. Pie-1 is required to maintain a germ line fate suggesting that transcriptional repression is required for germ cell speci®cation in this species (Seydoux and Dunn, 1997; Seydoux et al., 1996) . The active, phosphorylated form of RNA polII is also absent from early Drosophila germ cells but is detected in these cells when they become globally transcriptionally compe- tent (Seydoux and Dunn, 1997) . The mechanism responsible for transcriptional repression in Drosophila germ cells is not known and a candidate for a Pie-1 homolog has not been identi®ed in the sequenced¯y genome. Furthermore, the necessity of transcriptional repression for early germ line development in Drosophila is unclear.
Several studies show that the nanos and pumilio genes play an important role in the germ line. nanos (nos) RNA is synthesized during oogenesis and localized to the posterior pole. Initial localization and translation of nanos are necessary for proper abdomen development (Gavis and Lehmann, 1994; Lehmann and Nu Èsslein-Volhard, 1991; Wang et al., 1994) . Once the germ cells form, nanos RNA and protein are sequestered into these cells. PUMILIO protein is present throughout the early embryo including the germ cells (Macdonald, 1992) . nos and pum mutant germ cells (i.e. germ cells formed in embryos derived from homozygous nos or pum mutant females) undergo additional divisions, fail to migrate to the mesoderm, and adhere to each other in a clump prior to reaching the somatic gonad. During later stages of development, most mutant germ cells die and fail to contribute to the germ line (Asaoka-Taguchi et al., 1999; Forbes and Lehmann, 1998; Kobayashi et al., 1996; Lin and Spradling, 1997) . In addition, these mutant cells precociously express a number of genes that are normally expressed only later or not at all in the germ line, implicating NANOS and PUMILIO in transcriptional repression (Asaoka et al., 1998; Asaoka-Taguchi et al., 1999; Deshpande et al., 1999; Kobayashi et al., 1996) . Interestingly, RNA interference assays showed that two nos and pum homologs in C. elegans also regulate germ cell viability, incorporation into the gonad and proliferation, as well as germ line sex determinination (Kraemer et al., 1999; Subramaniam and Seydoux, 1999) .
How NOS and PUM function in Drosophila germ line development is not clear. At this point, it seems likely that these proteins control a number of different targets in the germ cells and that inappropriate expression of these targets results in the observed phenotypes. In pattern formation, NANOS and PUMILIO translationally repress hunchback (hb) in the prospective abdominal region (Murata and Wharton, 1995; Sonoda and Wharton, 1999; Tautz, 1988; Tautz and Pfei¯e, 1989; Wharton and Struhl, 1991; Zamore et al., 1999) . Possible germ line targets of NOS and PUM emphasize the importance of translational and transcriptional repression in early germ cells. In particular, cyclin B has been shown to be one translational target of NOS and PUM; this protein is not normally found in germ cells until late in development, but in nos and pum mutants it is translated prematurely (Asaoka-Taguchi et al., 1999) . CYCLIN B acts at the G2/M transition of the cell cycle and may account for the cell division problems in mutant germ cells. The Kobayashi laboratory has further demonstrated that NOS and PUM may repress the translation of the Importin a gene oho-31, which may normally act to import transcription factors to the nucleus (Kobayashi, personal communication) . This may account for the observed early or inappropriate expression of the splicing factor sex lethal and the patterning genes eve and ftz in mutant germ cells (Deshpande et al., 1999) . Although they have effects when over-expressed, whether CYCLIN B, OHO-31 and SEX LETHAL normally function in the germ cells is not clear. At this point, gene products regulated by NOS and PUM have not been identi®ed that directly control transcription, division, or migration of early germ cells in the wild type. Thus, similar to their role in pattern formation where NOS and PUM allow abdomen formation to occur by repressing hb, these proteins may enable germ cell fate through repression of somatic fates (Hu Èlskamp et al., 1989; Irish et al., 1989; Rivera-Pomar et al., 1995; Struhl, 1989) .
Speci®cation of primordial germ cells in the zebra®sh
Cloning of the zebra®sh homolog of the vasa (vas) gene has made it possible to analyze germ cell formation in zebra®sh embryos. As in Drosophila, vas RNA is supplied maternally and is contained within electron-dense nuage particles distributed throughout the one cell stage embryo. However, unlike in other organisms, where germ plasm is localized to one particular region of the egg (the posterior pole in Drosophila or C. elegans, or the vegetal pole in Xenopus), vas RNA in the zebra®sh localizes to the edges of the cleavage planes in two-and four-cell embryos and segregates asymmetrically during subsequent divisions (see Fig. 2 ; Braat et al., 1999; Knaut et al., 2000; Olsen et al., 1997; Yoon et al., 1997) . Through asymmetric division, only four cells ± the germ cell precursors ± later contain vas RNA and are clearly separate from the somatic cells. At the sphere stage (cycle 13), vas containing cells begin to divide symmetrically to give rise to four germ cell clusters that are positioned independently of the embryonic axis (see Fig. 2 ). Inheritance of maternal vas RNA seems to be a good indicator of germ cell fate, since zygotic vas RNA transcription and protein translation are initiated only in the four germ cell clusters and are accompanied by nuage particles. Furthermore, analysis of patterning mutants shows that even lost vas RNA expressing cells maintain a`germ cell morphology' (Knaut et al., 2000; Weidinger et al., 1999) . In contrast to Drosophila, zygotic transcription is activated in zebra®sh at the same stage in germ cells and the soma.
Speci®cation of primordial germ cells in the mouse
In the mouse embryo, the germ cells form at the border between epiblast and extraembryonic tissue. Clonal analysis shows that these cells are allocated by the start of gastrulation at embryonic day (E) 7.5 and that they share a precursor pool with cell types in the extraembryonic mesoderm (Lawson and Hage, 1994) . At this stage, the germ cells are distinguishable by their high expression of alkaline phosphate (Chiquoine, 1954) and can be observed in vivo using Green Fluorescent Protein (GFP) under the control of a truncated Oct-4 promoter (pOct4 < GFP; Anderson et al., 2000; Yeom et al., 1996) . Unlike the case in other organisms, there is no evidence for maternally deposited germ plasm inherited by germ cells in mouse (Ciemerych et al., 2000; Zernicka-Goetz, 1998) . vasa and nanos homologs have been found to mark early germ cells in zebra®sh, Xenopus, and Drosophila, however, the mouse homologs of these two genes, although necessary for germ cell development, are not expressed until the completion of migration (Tanaka et al., 2000; Toyooka et al., 2000) .
Heterotopic transplantation experiments in the mouse embryo by Tam and Zhou (1996) showed that distal cells are able to give rise to germ cells if they are grafted to the proximal epiblast at E6.5, while proximal epiblast cells transplanted distally will not give rise to germ cells but instead give rise to distal cell fates. This shows that by E6.5 the germ cell fate is not yet determined and suggests that germ cells are induced by the surrounding tissue (Fig.  3) . Indeed, it has recently been shown that bone morphogenetic proteins (BMPs) are required in the extraembryonic ectoderm to regulate the formation of the germ cells and related lineages. BMPs are members of the TGFb superfamily of intercellular signaling molecules. Heterozygous Bmp4 mice have a reduced number of germ cells and homozygous null mice lack germ cells and allantois, a tissue also derived from the extraembryonic mesoderm. Bmp4 is normally expressed in the extraembryonic ectoderm before the germ cells are speci®ed, and chimeric animals that lack Bmp4 activity in this tissue do not develop an allantois or germ cells (Lawson et al., 1999) . Bmp8b de®cient mice also exhibit a dose-dependant reduction in the germ cells, and Bmp4/Bmp8b double heterozygotes have a phenotype similar to the Bmp4 heterozygotes, suggesting that these two molecules may function together, rather than in parallel, to induce germ cell fate (Ying et al., 2000, Fig. 3) . Culturing experiments with early (6.5 days) epiblast cells further suggest that signaling from the extraembryonic ectoderm, possibly via BMP4/8, may not only be necessary but also suf®cient for the initial speci®cation of germ cell fate (Yoshimizu et al., 2001) .
Germ cell speci®cation in the mouse seems closely linked to the initiation of germ cell-speci®c transcription. Gene expression controlled by the distal enhancer of the Oct4 promoter, for example, begins in the germ cells as early as E7.0. Since expression from this promoter is widespread during earlier stages, it has been suggested that Oct4 expression becomes successively restricted to germ cells (Pesce and Scholer, 2000; Scholer et al., 1989) . Thus, unlike Drosophila or C. elegans where germ cell speci®cation coincides with the repression of gene expression, the mouse germ line does not seem to repress transcription generally. In fact, mouse germ cells lack DNA modi®ca-tions characteristic of transcriptional repression in somatic lineages, such as genome-wide methylation, gene-speci®c allelic imprints and X-inactivation (Kato et al., 1999) .
Germ cell migration
In most animals, germ cells are speci®ed at a position distant from the origin of the somatic gonadal component and must migrate to this tissue to make up a functional gonad (Dixon, 1994) . Germ cells display a variety of migratory behaviors. They are able to invade tissue, receive and respond to varied guidance cues from the soma, meet with their support cells, and change adhesive properties in order to maintain an association with these cells as the gonad forms. Genetic analysis in Drosophila, zebra®sh, and mouse have identi®ed genes acting in the germ cells or in the surrounding tissues required for migration.
Germ cell migration in Drosophila
Several mutagenesis screens have been carried out in Drosophila to identify genes that speci®cally affect germ cell migration and gonad formation. Analysis of the mutant phenotypes suggests that the process follows several genetically distinct steps (see Fig. 4 ; Broihier et al., 1998; Moore et al., 1998b; Van Doren et al., 1998b; Warrior, 1994; Zhang et al., 1996 Zhang et al., , 1997 . After formation, the germ cells are passively swept into the midgut pocket. Next, they actively migrate through the gut epithelium, reorient on the surface of the midgut, and then they move into the mesoderm where they contact their somatic partner cells. A more detailed description of this process and the genes involved at each step is described below.
Migration through the midgut endoderm
Germ cells formed at the posterior pole adhere to the underlying somatic cells, which will give rise to the midgut. During gastrulation, the germ band extends, the presumptive midgut invaginates, and the germ cells are carried into the embryo inside the blind end of the midgut. At this point, the germ cells begin their active journey to the gonad by traversing the posterior midgut epithelium (stage 9 Fig. 4C ; Callaini et al., 1995; Jaglarz and Howard, 1995) . Cellular junctions are broken down in the midgut to allow the germ cells to pass through; in serpent and huckebein mutants, which have the midgut transformed into hindgut fates, the germ cells remain trapped inside the gut rudiment (Jaglarz and Howard, 1994; Moore et al., 1998b) . The timing for this migration across the gut epithelium has been shown by heterochronic transplants to be controlled by the midgut tissue: motile germ cells transplanted from later stages cannot exit the gut before stage 9. Active trans-epithelial migration of the germ cells is supported by the fact that other cell types are not able to pass through the midgut pocket and because germ cells send out projections characteristic of actively moving cells (Jaglarz and Howard, 1994) .
Migration on the midgut toward the mesoderm
Once germ cells pass through the gut epithelium, they reorient on its surface to face the overlying mesoderm (Fig. 4D) . This process requires the activity of the wunen (wun) and wunen-2 (wun-2) genes. In wunen, wunen-2 double mutants, germ cells exit the gut normally but fail to reposition themselves dorsally near the somatic gonadal precursors (Starz-Gaiano et al., 2001; Zhang et al., 1996 Zhang et al., , 1997 . NOS and PUM are also necessary at this step of migration; nos or pum mutant germ cells clump together and do not enter the mesoderm (Asaoka-Taguchi et al., 1999; Forbes and Lehmann, 1998; Kobayashi et al., 1996; Lin and Spradling, 1997) .
Attachment to lateral mesoderm
In this step, germ cells move from the gut toward the mesoderm along the caudal visceral mesoderm, which acts as a transient bridge between the gut and the lateral mesoderm (Fig. 4E) . ZFH-1 (a zinc ®nger homeobox containing protein) and brachyenteron (byn), the Drosophila homolog of the mouse T gene, are important for the migration of the caudal visceral mesoderm and therefore for germ cell migration (Broihier et al., 1998; Kusch and Reuter, 1999) . pgr may also affect this early stage of the germ cells' migration (Nakamura et al., 1996) .
In the mesoderm, germ cells migrate toward the somatic gonadal precursors (SGPs), which form in three bilateral clusters in abdominal segments 4±7 (Boyle and DiNardo, 1995; Broihier et al., 1998) . ZFH-1 has been shown to cooperate with TINMAN (TIN, a homeobox protein related to the mouse Nkx2±3 and Nkx2±5 genes) to specify lateral mesoderm, which gives rise to the gonadal mesoderm and the fat body. In tin and zfh-1 double mutants, these tissues are not speci®ed and all germ cells remain on the endoderm, suggesting that the lateral mesoderm provides an attractant for germ cells (Azpiazu and Frasch, 1993; Broihier et al., 1998; Moore et al., 1998a) . Movement toward the gonadal mesoderm is also disrupted in mutants for the HMGCoA reductase (HMGCoAR, columbus) gene. Since the gonadal mesoderm is speci®ed correctly in these mutants, it has been Fig. 4 . Discrete steps in Drosophila germ cell migration. Left hand panels are schematics of the embryo after V. Hartenstein. Different tissues are color-coded: yellow, germ cells; green, mesoderm; blue foregut/hindgut; red, midgut; light purple, lateral mesoderm; dark purple, somatic gonadal precursors. Right hand panels show embryos stained with an antibody against the VASA protein, which marks the germ cells. Genes that are required for each step of migration are listed on the left. Bracket in (E) denotes the origin of the gonadal mesoderm. (For more details, see the text and Moore et al., 1998b.) proposed that HMGCoAR activity is required for the production of a germ cell attractant ; see below).
Alignment of the germ cells and gonadal mesoderm
As the germ cells move through the mesoderm, they divide into two bilateral groups. Once in contact with the somatic gonadal precursors (Fig. 4F,G) , the germ cells remain associated with this tissue until the two cell types coalesce to form the embryonic gonad at stage 14 (around 11.5 h AEL). In contrast with the mouse, germ cells do not divide as they migrate in the¯y embryo and about 10±15 germ cells are incorporated into each gonad (Sonnenblick, 1941; Underwood et al., 1980; Hay et al., 1988) . Regionspeci®c expression of the homeotic genes abdominal A (abdA) and Abdominal B (AbdB) in the abdominal segments A4±7 determines that only three clusters of lateral mesoderm will give rise to gonadal mesoderm while the remainder will become fat body. In abdA, AbdB double mutant embryos, germ cells move into the mesoderm but subsequently fail to associate with any particular cells and no gonad forms (Boyle and DiNardo, 1995; Cumberledge et al., 1992; Moore et al., 1998b; Riechmann et al., 1998) . This ability to enter into the mesoderm contrasts with the phenotype in tin and zfh-1 mutants and suggests that the initial attraction to the mesoderm requires the lateral mesoderm, followed by a later attraction to align with the SGPs. The transcription factors tin and clift (cli, also known as eyes-absent) are required to maintain SGP fate. Although the germ cells and SGPs initially contact each other in these mutants, they fail to retain this association and the gonads do not coalesce (Bodmer, 1993; Boyle et al., 1997; Boyle and DiNardo, 1995; Broihier et al., 1998; Moore et al., 1998b) .
Coalescence of the gonad
After the germ cells have associated with the somatic cells, the three lateral clusters begin to move closer together until they ®nally coalesce tightly into a gonad (Fig. 4H) . The germ cells are not needed to actively drive this process, as gonads' can form in the absence of germ cells (Brookman et al., 1992) . On the other hand, it seems clear from misexpression experiments that germ cells can be attracted to ectopic locations at later stages, suggesting that they maintain the ability to migrate after stage 11 (Broihier et al., 1998; Van Doren, 1998a,b) . Moreover, in primary culture germ cells are able to migrate for at least 6 h (Jaglarz and Howard, 1995) , although the early migration events only take about 4.5 h in the embryo.
The coalescence of the gonad is best described as a compaction event. Indeed, the homotypic adhesion molecule E-cadherin, as well as the transmembrane protein FEAR-OF-INTIMACY (FOI), affect gonad coalescence (Moore et al., 1998b, Van Doren and Lehmann, unpublished) . In foi mutant embryos, germ cells associate with the SGP clusters and the clusters fuse but they fail to compact. Genetic experiments suggest that the defect is autonomous to the somatic cells (Van Doren and Lehmann, unpublished) , con®rming the notion that the gonadal mesoderm provides the driving force during this stage of gonad morphogenesis.
Guidance signals
Besides a detailed description of the events that lead to gonad formation in Drosophila, genetic analyses have revealed the existence of attractant and repellant factors that are produced by somatic tissue and guide migrating germ cells. Germ cells move away from wunen (wun) expressing cells and are attracted by cells that express HMGCoAR. In the wild type, wun RNA is expressed in the bottom of the posterior midgut, which the germ cells avoid. In wun mutants, the germ cells spread out over the midgut and most germ cells do not reach the SGPs. Furthermore, when WUNEN is expressed ectopically in the mesoderm, germ cells avoid this otherwise attractive tissue. Thus, WUNEN acts as a germ cell repellant (Zhang et al., 1997) . Interestingly, all wun mutations affect the expression of two genes, wunen and the neighboring, highly homologous gene, wun-2 (Starz-Gaiano et al., 2001; K. Howard, unpublished results). wun-2 has a similar expression pattern to wun and also repels the germ cells when ectopically expressed. These genes are homologs of the mammalian genes for lipid phosphate phosphatase-1 (LPP-1, also known as phosphatidic acid phosphatase 2a). These phosphatases span the membrane six times and have been shown to have a number of phospholipid substrates in vitro (Roberts et al., 1998; reviewed in Brindley and Waggoner, 1998) . LPP-1 proteins are unusual in that their catalytic activity is oriented extracellularly and the WUNEN proteins are predicted to have this orientation as well. Repulsion of the germ cells by WUNEN 2 requires the catalytic residues of the enzyme (Starz-Gaiano et al., 2001) . This suggests that the WUNEN proteins act on the surface of the gut epithelium either to produce a repellant signal or to destroy a phospholipid acting as an attractant. A role for phospholipids promoting migration has precedent in mammalian cells and in the zebra®sh, where phospholipids are received as ligands for the Edg family of G-protein coupled receptors (reviewed in Goetzl and An, 1998; Kupperman et al., 2000) . A further characterization of the germ cell signaling pathway will hopefully elucidate how lipids in¯uence Drosophila cell migration.
A separate attractive guidance signal is produced by the enzyme HMGCoAR. HMGCoAR is expressed at high levels in the SGPs and in the absence of its activity, most germ cells do not associate with this tissue. All missense HMGCoAR mutations affect conserved residues within the catalytic domain of HMGCoAR (Istvan et al., 2000; Van Doren, 1998a,b; E.G. Stein unpublished results) . Furthermore, when HMGCoAR is over-expressed in tissues that the germ cells would not normally contact, the germ cells move to these ectopic locations. Thus, high levels of HMGCoAR lead to the production of a germ cell attractant (Van Doren, 1998a,b) . HMGCoAR in mammals catalyzes the rate-limiting step of cholesterol synthesis, however,¯ies are auxotrophic for cholesterol (Clayton, 1964) and several of the downstream enzymes required in making cholesterol cannot be found in the¯y genome (Santos and Lehmann, unpublished) . However, this enzyme is also necessary for the production of many other lipids, including steroid precursors, and for production of the isoprenoids that are used in the covalent modi®cations of many different kinds of proteins. Thus, there are many possibilities for the ultimate attractant(s) downstream of HMGCoAR and the actual signal(s) remains to be determined.
Germ cell migration in zebra®sh
As mentioned above, germ cells in the zebra®sh embryo are unusual in that they are speci®ed in four-`corners' of the embryo, apparently randomly with respect to the developing body axis. Germ cell migration in the zebra®sh, outlined in Fig. 5 , requires the initial alignment of two clusters each on either side of the embryo followed by the merging of the clusters and alignment with the somatic gonad (see below; Weidinger et al., 1999; Yoon et al., 1997) . First, the clusters of germ cells converge toward the dorsal side of the embryo where they seem to avoid the dorsal midline, resulting in some cells on either side of the midline (Fig. 5A) . Depending on their initial position, the cells then either align at the anterior border of the trunk mesoderm or at the lateral border of the mesoderm by 80% epiboly (Fig. 5B) . Most germ cells then move into two bilateral clusters near the ®rst somite at the two-somite stage. The rest of the cells, those that had been at the lateral mesoderm, migrate anteriorly (Fig. 5C) . At the 8±16 somite stages, these cells continue moving anteriorly as the main clusters move posteriorly (Fig. 5D) . By 24 h post-fertilization, two embryonic gonads, containing two lateral sets of cells, form at the level of the 9th somite, at the anterior border of the yolk extension (Fig.  5E ). Molecular markers for the somatic gonad have not yet been identi®ed, so how this tissue is formed and when the germ cells contact it is not yet clear.
Analysis of zebra®sh mutants that affect embryonic patterning further re®ned the migratory paths outlined above and identi®ed the somatic tissues that are potentially important for germ cell guidance. Ventralizing mutations, such as chordino, result in more germ cells in ventral± posterior positions, whereas in the dorsalizing swirl mutation the germ cells do not converge into two bilateral groups but nevertheless`home' to the correct anterior±posterior position. This phenotype is partially explained by the fact that somatic convergence movements, which seem to facilitate germ cell movement, are reduced in swirl mutants (Mullins et al., 1996; Solnica-Krezel, 1999) .¯oating head mutants lack notochord and germ cells initially cross the dorsal midline in these mutants (Weidinger et al., 1999) . At later stages, however, germ cells are no longer found in the midline, suggesting that there are factors besides those provided by the notochord that repel germ cells from the midline. Mutational analysis also shows that the paraxial mesoderm is particularly important for providing an anterior±posterior cue to the two sets of moving germ cells. Intriguingly, germ cells lost in the spadetail mutant, which disrupts the paraxial mesoderm, position themselves predominantly in two clusters at the second branchial arch (far anterior of their usual target tissue, see Fig. 5E ), implying that there is an attractive property to the tissue at this position (Weidinger et al., 1999) . Further genetic analysis in the zebra®sh should provide insight into the speci®c gene functions required by germ cells to follow a particular migratory route.
Germ cell migration in mouse
Germ cell migration in the mouse embryo is strikingly similar to that in the fruit¯y: the germ cells form extraembryonically, invade the endoderm epithelium, migrate through mesentery to ®nd the somatic gonadal cells, and then coalesce into the embryonic gonad (Fig. 6) . In mouse embryos, germ cells can be identi®ed at the root of the allantois with the marker alkaline phosphatase as early as E7±7.25 (Fig. 6B , Ginsburg et al., 1990) . These cells soon move with the developing gut to the inside of the embryo proper and then imbed themselves in the wall of the hindgut by E9 (Fig. 6C,D) . Recent work using Oct4-GFP, which becomes restricted to the germ cells at about the same time as alkaline phosphatase, has enabled Anderson and coworkers to follow germ cell migration in vivo from the primitive streak to the adjacent allantois and extraembryonic mesoderm, and to the embryonic endoderm at E7.5. These data suggest that the germ cells that directly migrate into the embryonic endoderm are eventually incorporated into the gonads . Between E9.5 and E11.5, mouse germ cells actively move along the hindgut and through the dorsal mesentery toward the genital ridges, the somatic component of the gonads (Fig. 6E) . Experiments in culture show that the germ cells move preferentially toward the genital ridges, suggesting that this tissue sends out an attractive signal (Godin et al., 1990) . As migration occurs, the cells undergo several divisions, increasing from less than 100 to 25,000 cells by E13.5 (Clark and Eddy, 1975; reviewed in Gomperts et al., 1994b; Stott and Wylie, 1986) . At both E7.5 and E10.5, the germ cells clearly display migratory morphologies, often appearing as teardrop-shaped or with pseudopodia extending from one germ cell to the next. During migration, the cells appear to be in contact with each other through long cytoplasmic extensions (Gomperts et al., 1994a) . Some studies suggest that the cytoplasmic connections between mouse germ cells are a result of incomplete cell divisions and mimic the germ cell cysts formed in the Drosophila egg chambers (Pepling and Spradling, 1998) . Intriguingly, it appears that the ®rst cells which exit the gut do so before the dorsal mesentery is formed, and so move directly into the genital ridge (Gomperts et al., 1994a) . These data support a model for pioneer' germ cells, which may help to guide subsequent cells to the proper location through cytoplasmic connections. Pioneer germ cells may exist in the¯y embryo as well; a subset of germ cells associates with the gonadal mesoderm tissue earlier than the other germ cells (Starz- Gaiano and Lehmann, unpublished results, Broihier et al., 1998) .
Several genes are known to be required for germ cell migration and/or survival in the mouse. The germ cell de®-cient (gcd) mutation speci®cally results in sterility due to a reduction in the number of germ cells making it to the gonad (Pellas et al., 1991) . The gcd gene has been mapped but not yet cloned, so its molecular nature is unknown (Duncan et al., 1995) . The RNA-binding protein TIAR has been demonstrated by targeted disruption to have a role in germ cell survival as well, but how it functions is not clear (Beck et al., 1998) . The most well-known genes to affect germ cells are dominant white-spotting (W) and Steel (Sl). Mutations in these genes result in poorly populated gonads due to a lack of proliferation and an inability of the cells to complete migration. In these mutants, several other migratory cell types are also affected, including mast cells and melanocytes (Buehr et al., 1993; Dolci et al., 1991; Godin et al., 1991; Matsui et al., 1991) . W encodes the c-kit tyrosine kinase receptor, which is expressed on germ cells. The product of the Sl gene is the c-kit ligand, stem cell factor (SCF), and it is expressed in the mesentery through which the germ cells migrate. Germ cells which stray from their proper, Sl-expressing migratory path die, probably by apoptosis (Keshet et al., 1991; Motro et al., 1991; Orr-Urtreger et al., 1990) .
In vitro experiments con®rm a role for W and SCF in germ cell survival and migration and suggest that additional factors may also be involved. Mouse germ cells can be removed from the embryo and made to migrate in culture on a mouse embryonic ®broblast (STO) cell line. SCF is required for the survival of the germ cells in this system (Dolci et al., 1991; Godin et al., 1991) and proliferation can be stimulated with the addition of leukemia inhibitory factor (LIF, Matsui et al., 1991) . In combination, these factors suppress apoptosis in vitro (Pesce et al., 1993) . Further proliferation and long-term survival can be obtained by adding basic ®broblast growth factor to the culture medium (Pesce et al., 1993) . Several other factors have been identi®ed that have an effect on germ cells in vitro, but their in vivo relevance is less clear. Mouse germ cells in culture behave as might be expected in some respects: they have been shown to invade an STO feeder cell monolayer in culture ) and they lose their motility over time (Donovan et al., 1986 ). This observation is consistent with the fact that the adhesion of the germ cells to ®bronectin decreases in cells isolated from embryos at increasingly later time points (ffrench-Constant et al., 1991) .
Adhesion molecules are likely to have an important role in germ cell movement. Cadherins promote homotypic interactions between cells and have been implicated in cell-to-cell signaling for motility. New data has shown that E-cadherin is expressed by the germ cells after they leave the hindgut and that blocking the function of this molecule with antibodies disrupts germ cell migration in explants (Bendel-Stenzel et al., 2000; De Felici, 2000; Di Carlo and De Felici, 2000) . Furthermore, E-cadherin and bcatenin are highly expressed at sites of germ cell±germ cell contact and may be important for their coalescence with genital ridge cells. Expression pro®les of puri®ed germ cell populations (after cell-sorting of pOct4 < GFP cells) show that during their migratory phase, germ cells express P-cadherin and Ep-CAM, another homophilic adhesion molecule; in the post-migratory time period germ cells predominantly express N-cadherin (Anderson et al., 1999b; Bendel-Stenzel et al., 2000) . P-cadherin knockout mice are fertile (Radice et al., 1997) . Consequently, the in vivo role for this molecule in germ cell migration is unclear, and deletions of N-and E-cadherin are early embryonic lethal and thus cannot be readily analyzed. The b1 subunit of integrin, another adhesion molecule, is also expressed in the germ cells from E10.5 to E12.5 and experiments using chimeras of b1 mutant and wild-type cells show that this integrin subunit is required cell autonomously in the germ cells during gonad colonization. On the other hand, although a number of a integrin subunits (a3, a6, and aV) are expressed in the germ cells, analysis of targeted deletions of these suggest that they are not essential for germ cell migration in the embryo (Anderson et al., 1999a) . Further analysis of germ cell behavior in vivo in mutant backgrounds combined with the detailed analysis of germ cell gene expression pro®les provides a powerful approach to determine the migratory mechanisms of mouse germ cells.
Summary and outlook
Many aspects of germ cell development and behavior are conserved. For example, germ cells are set aside early in development and often form at the margin between somatic and extraembryonic tissues. Most germ cells display a speci®c morphology; they are rather large cells with a prominent nucleus. Finally, only germ cells undergo meiosis and differentiate into highly specialized cell types: the sperm and egg. Despite these striking similarities, a conserved`master regulator' of germ cell fate has not yet been identi®ed. While a number of conserved genes, such as vasa, nanos, and deleted in azospermia (DAZ or Drosophila boule) are only expressed in germ cells, it is dif®cult at this point to determine common functions of these homologs at a particular stage or aspect of germ cell development. DAZ is required in the germ cell after their migration (Eberhart et al., 1996; Houston et al., 1998; Karashima et al., 2000; Slee et al., 1999) . Nevertheless, it is intriguing that these three genes (vas, nos, and DAZ) encode RNA binding proteins suggesting that post-transcriptional regulation plays a critical role in germ cell development. Thus, while conserving the trans-acting factors, the targets of regulation may have changed during evolution. Further mutant analysis as well as examination of RNA and protein expression pro®les in germ cells isolated at different stages of development may facilitate identi®cation of regulatory targets. Future work is also likely to identify additional molecular similarities between germ cells of different species.
In addition to their special fate, germ cells display a variety of migratory properties, from invading epithelial tissue, to responding to attractive and repellant cues and changing adhesive properties to coalesce. As such and because they are easily identi®ed, these cells make a valuable model system for investigating mechanisms of cell movement. Various animal systems offer different experimental approaches to the problem and the respective analysis is bound to provide insight into the molecular control of directed migration. In spite of the similarities regarding the morphology of the mouse and¯y germ cells and their analogous migratory routes in the embryo, common molecular guidance mechanisms have yet to be identi®ed. Drosophila homologs of c-kit and Steel are not evident in the genome. Moreover, targeted disruption of a mouse wunen homolog does not affect fertility, although that is not so surprising since there are multiple wunen homologs in the mouse (Zhang et al., 2000) . The identi®cation of lipid-mediated germ cell guidance cues in Drosophila such as wunen, however, suggests G-protein coupled receptor activation as a possible mechanism that may mediate directed migration.
Technological advances are facilitating the study of germ cells. The ability to mark germ cells with GFP and watch them migrate in vivo in¯y, mouse and zebra®sh embryos will lead to a more detailed characterization of their movements. Ultimately, advances in tissue-speci®c conditional knock-outs of genes in the mouse, and mutant analysis in Drosophila and zebra®sh will clarify the roles of speci®c genes required for the determination, behavior and guidance of germ cells. The combination of the various developmental systems and approaches may not only uncover mechanisms that regulate germ cell migration but may also help us to understand more globally the regulation of directed cell movement.
